1. Introduction {#sec1}
===============

Over the last two decades, previously considered as an inert gas, molecular hydrogen (H~2~) has emerged as a novel agent with profound biological effects on cell function and physiology. The effects of hydrogen on the treatment of various pathological conditions and diseases have been demonstrated in numerous studies with animal models and clinical studies (reviewed in \[[@bib1], [@bib2], [@bib3]\]). The beneficial effects of hydrogen are attributed to its ability to function as a selective antioxidant, which unlike other antioxidants is highly effective in scavenging strictly harmful reactive oxygen species (ROS), such as hydroxyl radicals and peroxynitrite [@bib4], while retaining the activity of functionally important ROS, such as H~2~O~2~ and NO \[[@bib4], [@bib5]\]. H~2~ can also act as a signaling molecule and induce various defense responses \[[@bib6], [@bib7], [@bib8]\]. The most pronounced therapeutic effects of H~2~ have been documented in diseases associated with oxidative stress \[[@bib1], [@bib5], [@bib9], [@bib10]\].

Another advantage of molecular hydrogen as a therapeutic agent is its mobility and permeability. A small uncharged H~2~ molecule can easily diffuse through cell membranes and penetrate into organelles, such as mitochondria, one of the main source of ROS production, and protect this organelle from damage by excessive concentrations of ROS, thereby preventing the development of diseases associated with mitochondrial dysfunction and oxidative stress.

There are many obstacles that impede the development of H~2~-based therapy. The introduction of hydrogen by inhalation, intake or injection of H~2~-rich solutions suffers from many drawbacks, such as safety problems or difficulties in controlling the dosage [@bib11]. An alternative is to produce hydrogen in the reaction of metals with acidic solutions.

In the presented study, we used magnesium (Mg)-containing food supplement, MagH~2~ and tested its biological effects on fruit flies. Although molecular hydrogen is now recognized as a promising therapeutic option for the treatment of various diseases associated with oxidative stress and mitochondrial dysfunction, studies showing hydrogen influence on aging are virtually absent. Here we used the *Drosophila* model, well known in the aging studies, to determine the effect of H~2~ on aging and physiology at the organismal level.

2. Materials and methods {#sec2}
========================

2.1. Fly material {#sec2.1}
-----------------

The *y w* reference strain has been maintained in this laboratory for \>23 years. The Da-GAL4 and D42-GAL4 driver lines were kindly supplied by Blanka Rogina (University of Connecticut Health Science Center), and NP1-GAL4 driver line was a kind gift of Heinrich Jasper (The Buck Institute for Research on Aging). The *dprx3,dprx5* double mutant (DM) under-expressing both mitochondrial peroxiredoxins (Prxs) is described in previous publications \[[@bib12], [@bib13], [@bib14]\]. Briefly, global or tissue-specific under-expression of Prxs has been achieved by expressing the RNAi-dPrx3 hairpin construct, using the global Da-GAL4 or tissue-specific D42-GAL4 (motor neurons) and NP1-GAL4 (midgut) drivers in the *dprx5 −/−* mutant background.

2.2. Preparation and evaluation of hydrogen-enriched fly food {#sec2.2}
-------------------------------------------------------------

The yeast-sugar broth was made of the 0.5% yeast extract and 5% sugar and methylparaben added to the final concentration 0.19%. A mix of propionic, acetic acid and o-phosphoric acid (31.5%, 10% and 3.5% respectively) was used to adjust the pH to 4.5--4.8. The broth has been applied to cotton balls or sponges inserted in glass vials.

To prepare hydrogen-rich broth, we used a patented composition named MagH~2~, kindly provided by Dr. Miljkovic (Nano H2 Minus, Inc., US patents 8,852,660 B2 and 9,144,581 B2). The composition contains metallic magnesium microparticles mixed with basic magnesium carbonate and is able to release molecular hydrogen when added to acidic aqueous solutions. MagH~2~ was added to the acidic yeast-sugar broth at different concentrations immediately before experiments. pH of the solution has been adjusted to 4.5--4.8 using the same mix of acids used for the broth preparation. Under these conditions, the metallic magnesium instantly produces molecular hydrogen in a reaction: Mg + 2H^+^ Mg^+2^ + H~2~.

To determine potential toxicity of the MagH~2~ components and to exclude the possibility that the effects of MagH~2~ were exclusively due to molecular hydrogen and not associated with other components in the mixture, MagH~2~ solutions were boiled for three times to remove the generated hydrogen gas. The anti-oxidant capacity of fly food has been evaluated by measuring the oxidation-reduction potential (ORP) using Beckman - 350 pH Temp/mV meter (Beckman Coulter).

2.3. Procedures {#sec2.3}
---------------

For experimental studies, male and female flies were collected within 1--2 days after hatching and reared on a standard sucrose-cornmeal medium at 25 °C or transferred to food containing MagH~2~. Survivorship studies were performed as described in previous publications [@bib12]. In each experiment, approximately 50--60 flies were used for each fly line.

Negative geotaxis was evaluated as described \[[@bib15], [@bib16]\] with some modifications. Briefly, a number of flies that are able to climb or jump ∼4 cm distance and to reach the top of a vial was counted at different time intervals. The flies were gently tapped down to the bottom of the vial and allowed to climb for 30 seconds. The assay was repeat for the same group three times, allowing for 10 minute rest period between each trial. The geotaxis was expressed as a number of climbers/jumpers to the total number of flies with observations performed for 30 seconds for each vial.

Intestinal barrier dysfunction was tested using the "smurf" phenotype assay [@bib17]. Briefly, flies were transferred to vials with food containing 2.5% (wt./vol.) of Blue dye no. 1. Flies with normal intestinal function had the blue stain restricted to the intestinal lumen. When integrity of the intestinal epithelial barrier was impaired, the blue dye produced a broader staining throughout the body, which was documented by microscopy examination.

2.4. Statistical analysis {#sec2.4}
-------------------------

All statistics were calculated using Excel and Prism for Macintosh version 6.0b software (GraphPad Software, Inc. San Diego, CA). Differences in negative geotaxis were compared between groups by analysis of variance. The mean survivorship time and statistical significance of differences between survival curves were assessed by the log-rank test. Differences in survivorship at 10% mortality and the development of the "smurf" phenotype were determined by two-way analysis of variance.

3. Results {#sec3}
==========

3.1. MagH~2~ reduced the oxidation-reduction potentia {#sec3.1}
-----------------------------------------------------

Previous *in vitro* studies have shown that when dissolved in water, MagH~2~ forms H~2~ nanobubbles, thereby maintaining high amounts of dissolved H~2~ over a relatively long period of time [@bib18]. It also led to a stable negative oxidation-reduction potential at relatively high pH values [@bib18]. Here we have determined that MagH~2~ is also capable of increasing negative ORP values in fly food under acidic conditions that are comparable to those in the gastric space, which approximates the conditions to those *in vivo*.

Addition of different concentrations of MagH~2~ to the yeast-sugar broth (pH 4.4--4.8) caused a significant reduction in the oxidation--reduction potential. Thus, ORP rapidly dropped from +185 mV (regular food) to (--160) -- (--166) mV (0.1 mg/ml MagH~2~), (--320) -- (--330) mV (0.3 mg/ml MagH~2~), and to (--410) -- (--470) mV (1 and 3 mg/ml MagH~2~) and lasted at negative values for at least 4 h. Thus, the observed effects of MagH~2~ on fly food were comparable to those observed in water solutions [@bib18], suggesting the existence of molecular hydrogen in the form of nanobubbles and relative stability of its concentrations in the fly food. We also determined that 5 minutes of boiling was sufficient to remove hydrogen gas from solutions, since the ORP values ranged from +180 to +190 mV and were comparable to the ORP values in a regular fly food.

3.2. MagH~2~ extended life span {#sec3.2}
-------------------------------

To determine the effects of MagH~2~ on longevity, male and female flies of the long-lived *y w* strain of *Drosophila* received food mixed with MagH~2~ in the range of concentrations of 0.1, 0.3, 1, 3 and 10 mg/ml. MagH~2~ has been given starting at 42 days of age, or at ∼ 50% of their respective life span and just before the onset of rapid increase in mortality, to avoid potential adverse effects in young healthy organisms. The beneficial effects were observed when males were fed food with 0.1--0.3 mg/ml of MagH~2~ and females with 0.3--1 mg/ml, while higher concentrations, 3 and 10 mg/ml were toxic and decreased survivorship ([Fig. 1](#fig1){ref-type="fig"} and unpublished data). The addition of MagH~2~ in the optimal range of concentrations led to an increase in median (50% death) by ∼ 15% in males and ∼25% in females and mean (average) age, but a small increase in maximum (90% death) age ([Fig. 1](#fig1){ref-type="fig"}). Thus, MagH~2~ only moderately prolonged the longevity, but significantly improved the age conditions, or life span of flies. The removal of H~2~ by heating solutions prior to the introduction into flies completely abolished the positive effects of the optimal doses of MagH~2~. On the other hand, the observed toxicity of high MagH~2~ content (3--10 mg/ml) was due to other components of MagH~2~, rather than to H~2~, since the longevity of flies was significantly reduced, regardless of the removal of H~2~ (unpublished observations).Fig. 1Effects of MagH~2~ on fly life spans. The *y w* flies were used in the experiment. Flies were reared on a regular fly food followed by transfer to food containing MagH~2~ on day 42. MagH~2~ was given at concentrations 0.1 mg/ml (0.1) and 0.3 mg/ml (0.3). Control -- flies maintained on a regular food. Heat -- solutions of MagH~2~ boiled before addition to fly food in order to remove hydrogen gas. Shown are representative data of two independent biological experiments. There was a significant difference (p \< 0.05) in survivorship between controls and flies fed MagH~2~, as determined by the log rank test. Similar results were obtained in the biological replicate experiment. The data are summarized in Table 1 A.Fig. 1

3.3. MagH~2~ delayed premature aging in mutants underexpressing mitochondrial peroxiredoxins {#sec3.3}
--------------------------------------------------------------------------------------------

To get insights into the mechanisms of H~2~ effects, we used flies with impaired mitochondrial function. The importance of mitochondria in the regulation of aging is well recognized [@bib19]. Normal mitochondrial function and integrity is maintained by many redox-related factors, including thiol-related peroxidases, peroxiredoxins, which are known to play an important role in longevity \[[@bib12], [@bib13]\]. Previously, we showed that the deficit in activity of mitochondria-localized Prxs, dPrx3 and dPrx5, resulted in a 80% decrease in mean life span, accompanied by age-associated increase in tissue-specific apoptosis, changes in cellular redox, as well as altered transcriptional profiling of the genes involved in stress responses and mitochondrial maintenance \[[@bib12], [@bib13]\].

Although the normal life span of the mutant underexpressing Prxs globally with Da-GAL4 driver was not completely restored, the intake of MagH~2~ positively influenced the survival of these flies. Like in the old flies, the effects were dose-dependent with optimal concentrations of MagH~2~ 0.1 mg/ml for males and 0.3 mg/ml for females ([Fig. 2](#fig2){ref-type="fig"}). Similarly to control *y w* flies, concentrations of MagH~2~ three times higher than optimal were toxic and led to increased mortality of the mutant, irrespective of removal of H~2~ by heating (data not shown).Fig. 2Effects of MagH~2~ on mortality of the double mutant. The DM flies were obtained by underexpressing both mitochondrial Prxs globally with the Da-GAL4 driver. Flies were transferred to the MagH~2~-containing food on day 5, or just before the onset of a rapid death. There was a significant difference (p \< 0.05) in survivorship between controls and flies fed MagH~2~ at optimal concentrations, 0.1 mg/ml for males and 0.3 mg/ml for females. Shown are representative data of two independent biological cohorts. Similar results were obtained in the biological replicate experiment. The data are summarized in Table 1 B.Fig. 2

3.4. MagH~2~ has positive effects on the intestinal barrier function {#sec3.4}
--------------------------------------------------------------------

It is reported that the intake of hydrogen can ameliorate intestinal inflammatory disorders by reducing injuries and breakdown of the epithelial barrier (reviewed in [@bib8]). Normal functioning of the gastrointestinal tract is essential for a healthy aging and longevity. Decline in intestinal barrier function is a characteristic of old flies and can be evaluated using the "smurf" assay (Material and Methods), a marker for loss of intestinal integrity [@bib17].

Effects of MagH~2~ on the intestinal barrier function have been investigated in flies under-expressing Prxs in the midgut tissue with the NP1-GAL4 driver, using the "smurf" assay. Microscopy examination has shown, that like in old flies ([@bib17] and unpublished observations), deaths of flies with decreased mitochondrial Prx activity in the midgut epithelia was closely associated with the "smurf" phenotype ([Fig. 3](#fig3){ref-type="fig"}). Thus, almost all flies died after losing the integrity of the intestinal epithelium. Supplementation with MagH~2~ delayed mortality and development of the "smurf" phenotype, but did not alter the correlation between mortality and intestinal integrity loss, indicating that it improved the survival of flies via maintaining the integrity of the intestinal epithelium (see [Table 1](#tbl1){ref-type="table"}).Fig. 3Effects of MagH~2~ on survivorship and development of the "smurf" phenotype in flies under-expressing mitochondrial peroxiredoxins in the midgut. Underexpression of mitochondrial Prxs in the midgut epithelia was achieved by the NP1-GAL4 driver. A number of flies with the "smurf" phenotype was counted after feeding the flies with food containing the Blue dye added to food supplemented with optimal for males (0.1 mg/ml) and females (0.3 mg/ml) (see Figs. [1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}) concentrations of MagH~2~ or MagH~2~ heated controls. Percentage of the dead and 'smurf' flies is shown on the Y axis. Since the largest difference in mortality and the development of the "smurf" phenotype was observed in young flies, a statistical analysis was performed at the time point when 10% of the flies died or developed the "smurf" phenotype. Statistical analysis showed significant difference (p \< 0.05) in age, which corresponded to 10% mortality or the appearance of "smurf" flies between heated controls (heat) and flies that received unheated hydrogen-producing MagH~2~. Similar results were obtained in the biological replicate experiment. The data are summarized in Table 1 C.Fig. 3Table 1**Life spans of flies under different treatments. A and B**: The experiments were conducted as described in the [Fig. 1](#fig1){ref-type="fig"} (**A**) and [Fig. 2](#fig2){ref-type="fig"} (**B**) legends. Values for median age obtained in two independent experiments are listed in columns 1 and 3. Columns 2 and 4 indicate the percentage of median age changes between experimental flies and flies maintained on a regular food (Control). Statistically significant differences between control and flies treated with MagH~2~, determined by the log-rank test (\*P \< 0.05), are indicated by asterisks. **C:** The experiments were conducted as described in the [Fig. 3](#fig3){ref-type="fig"} legend. The age of the flies at 10% of mortality and the "smurf" phenotype are shown in columns 1 and 3. Values are obtained in two independent experiments. Columns 2 and 4 show the percentage change between flies fed MagH~2~ and flies fed heated MagH~2~ solutions that served as a hydrogen-free control. Statistically significant differences between flies fed MagH~2~ and flies fed heated MagH~2~ solutions, determined by two-way ANOVA (\*P \< 0.05), are indicated by asterisks and bold. There were no statistically significant differences between mortality and the development of the "smurf" phenotype.Table 1AMalesFemalesTreatmentMedian age (days)\
1% *vs.* Control\
2Median age (days)\
3% *vs.* Control\
4Control59; 5654; 51MagH~2~68; 64**115\*; 114\***67; 65**124\*; 127\***MagH~2~ heat58.5; 5799; 10257; 52106; 102BMalesFemalesTreatmentMedian age (days)\
1% *vs.* Control\
2Median age (days)\
3% *vs.* Control\
4Control12; 812; 13MagH~2~ 0.116; 11**133\*; 137.5\***MagH~2~ 0.1 heat12; 8.5100; 106MagH~2~ 0.311.5; 1096; 12515; 15**125\*; 115\***MagH~2~ 0.3 heat11; 1092; 125\*12; 12100; 92MagH~2~ 111; 1392; 100MagH~2~ 1 heat12; 11100; 85CMalesFemalesTreatmentAge (days) at 10% mortality/10%"smurf"\
1% MagH~2~ 0.1 *vs.* MagH~2~ 0.1 heat\
2Age (days) at 10% mortality/10% "smurf"\
3% MagH~2~ 0.3 *vs.* MagH~2~ 0.3 heat\
4MagH~2~ 0.127; 31/32; 31**142\*; 129\*/168\*; 124\***MagH~2~ 0.1 heat19; 24/19; 25MagH~2~ 0.334; 33/33; 32**261\*; 220\*/236\*; 200\***MagH~2~ 0.3 heat13; 15/14; 16

3.5. MagH~2~ significantly improves physical activity of mitochondrial peroxiredoxin mutants {#sec3.5}
--------------------------------------------------------------------------------------------

Although the effects of MagH~2~ on fly survivorship were relatively moderate, the supplement significantly improved activity of flies, as determined by the negative geotaxis test ([Fig. 4](#fig4){ref-type="fig"}). Negative geotaxis (startle-induced vertical locomotion) is frequently used to measure locomotor ability and track the age-related locomotor impairment in ​*Drosophila* [@bib20].Fig. 4Effects of MagH~2~ on negative geotaxis. Shown are fly lines under-expressing mitochondrial Prxs globally (Da-DM), in motor neurons (D42-DM) and in the midgut (NP1-DM), as well as *y w* control. All flies tested for geotaxis were one week old, or at the age when their mortality did not exceed 10%. Flies were fed hydrogen-producing food starting from day 1--2 after eclosion, or 5--6 days prior to the geotaxis experiments. Assays were performed as indicated in Materials and Methods and geotaxis was expressed as a number of climbers/jumpers to the total number of flies. The activity of approximately 50 flies for each fly line was measured. Analysis was conducted in triplicate for each of two biological replicates. Shown are means ± SEM (n = 6). Asterisks denote statistically significant differences (\*P \< 0.05).Fig. 4

To extend the studies and pinpoint critical tissues for which MagH~2~ might have a particularly beneficial effects, we under-expressed peroxiredoxins in motor neurons using the D42-GAL4 driver. The flies fed MagH~2~ showed a more than 50-fold increase in negative geotaxis ([Fig. 4](#fig4){ref-type="fig"}). Surprisingly, flies under-expressing Prx in other tissues with the NP1-GAL4 driver or globally (Da-GAL4) also showed a dramatic improvement in fitness when feeding MagH~2~ ([Fig. 4](#fig4){ref-type="fig"}), suggesting a global positive effect of hydrogen, regardless of in which tissues Prxs were underexpressed. Although not fully restored, the activity of mutants treated with MagH~2~ was comparable to the activity levels of *y w* controls of the same chronological age ([Fig. 4](#fig4){ref-type="fig"}). Comparable improvements in activity due to MagH~2~ feeding were also observed in old flies (data not shown). Thus, the results suggest that MagH~2~ can be particularly beneficial for maintaining proper motor activity in older population, as well as in diseased flies with impaired motorneuronal and/or neuromuscular function.

4. Discussion {#sec4}
=============

Aging is a complex process due to the involvement of many factors, such as chronic inflammation of the intestinal epithelium, oxidative stress, slowing of mobility and dysfunction of mitochondria. The main finding of this study is that the introduction of molecular hydrogen by feeding fruit flies with a H~2~-producing supplement, MagH~2~, extends the life span of *Drosophila*, and also favorably affects the physiology of mutants with impaired mitochondrial function. To our knowledge, this study is the first attempt to investigate the effect of hydrogen on longevity of wild-type animals. So far, the only report related to the effect of hydrogen on life span was on a partial restoration of the life span of mice shortened by a high-fat diet [@bib21].

The studies conducted on the mutant with impaired redox and mitochondrial dysfunction also showed beneficial effects of hydrogen on survivorship (Figs. [2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). Mitochondria is a major source of production of ROS, which tends to increase during aging. Mitochondrial dysfunction can induce oxidative stress; conversely, oxidative stress may worsen mitochondria-related pathological conditions. Since conventional antioxidants have limited therapeutic effects because they are not effectively taken up by mitochondria, hydrogen can be particularly useful for controlling the mitochondrial disorders. A recent insight into the mechanisms of exogenous H~2~ has revealed prominent effects on mitochondria, as was determined in cultured neuroblastoma cells [@bib22]. Mitochondrial function and physiological parameters were improved in patients taking H~2~-generating minerals [@bib23]. Metabolism- and mitochondrial function-related lactic acidosis have been reduced in the treatment of a patient by drinking H~2~ water [@bib24]. Since the phenotype characteristics of the DM [@bib12] resembled those of mitochondrial disease models, including mitochondrial myopathy and neuromuscular disease [@bib25], positive effects of H~2~ could be due to improved mitochondrial function.

Aging and mitochondrial diseases compromise many physiological functions including mobility. The most remarkable finding of this study is that molecular hydrogen has had a dramatic positive effect on the physiology of flies by maintaining physical vigor. Documented as negative geotaxis ([Fig. 4](#fig4){ref-type="fig"}), the motor capability was significantly improved in flies fed H~2~-enriched food. One possibility is that hydrogen may restore the neuromuscular functional deficits observed in the DM by counteracting oxidative damages and changes in the cellular redox [@bib13]. For instance, administration of an H~2~-rich saline solution reduced oxidative stress and apoptosis, which led to improved locomotor function [@bib26]. Another possibility is that H~2~ could act by increasing energy production and consumption of O~2~ by mitochondria.

Alternatively, the effects of hydrogen in maintaining physical vigor could be due to a shift to more alkalizing conditions caused by MagH~2~, thus counteracting potential metabolic acidosis in the DM. The metabolic changes observed in the DM [@bib12] can lead to accumulation of acidic metabolites and alterations in pH homeostasis, similarly to those observed in the mutants that affects regulation of intracellular sugar/mitochondrial metabolism or alter mitochondrial function \[[@bib27], [@bib28]\]. Studies conducted in humans have shown that the exercise-induced metabolic disturbance and acidosis due to lactate accumulation were mitigated by the administration of alkalizing H~2~-rich water \[[@bib29], [@bib30]\].

We also found the protective effect of H~2~ on the integrity of the intestinal epithelium, usually affected by aging and pro-inflammatory conditions. In the DM with a deficiency in mitochondrial function in the midgut, the development of the "smurf" phenotype appears to have occurred just before the onset of mortality, since almost all dead flies had a "smurf" phenotype. This means that their death coincided with the loss of intestinal integrity.

Our data demonstrate that hydrogen has the ability to delay the development of the "smurf" phenotype and, therefore, has the potential for improving the survivorship of the mutants with impaired mitochondrial function in the guts. The positive effects of H~2~-rich solutions by reducing oxidative damage and inflammation have also been reported in other intestinal injury models \[[@bib31], [@bib32]\], and gaseous hydrogen released by intestinal bacteria has been linked to a decrease in the symptoms of inflammatory bowel disease [@bib33]. In another study, H~2~ administration down-regulated inflammatory mediators in the intestinal tissue and prevented intestinal barrier dysfunction [@bib34].

Our study also revealed the dose-dependent effects of MagH~2~. As stated in studies conducted on human and animal models, the introduction of hydrogen by inhalation or consumption of H~2~-rich water usually does not adversely affects the cellular function and physiology of the organism (reviewed in [@bib2]), although there are limited data on the hydrogen-associated toxicity \[[@bib35], [@bib36], [@bib37], [@bib38]\]. However, the likelihood of adverse effects of hydrogen is indeed low, although such an assumption was made on the grounds that hydrogen, acting as an antioxidant, does not react with functionally important ROS as H~2~O~2~ [@bib4]. However, the toxicity of the high doses of MagH~2~ observed in our study was most likely due to high concentrations of magnesium that are harmful to *Drosophila*, rather than hydrogen itself.

Taken together, the data showed that the introduction of molecular hydrogen orally by consuming H~2~-rich food leads to the preservation of intestinal integrity and improved physical activity in flies with impaired mitochondrial function. Consumption of H~2~-rich food also extended healthy aging.
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